It is known that electrochemical reaction and mechanical abrasion are both involved in the chemical mechanical polishing (CMP) processes. The associated mechanism is rather complicated. According to the model proposed by Kaufman et al., 1 the removal of tungsten by CMP is the result of repeated processes of film formation (passivation), film abrasion, and repassivation in the slurry. This mechanism has also been applied to explain the processes for metal removal and planarization for Cu 2 and Al 3,4 CMP. Obviously, as indicated by this mechanism, passivation of metal in slurry plays very important role in CMP. Hence, oxidants such as H 2 O 2 , 2,5,6 KMnO 4 , 5 KIO 3 , 5 and K 3 Fe(CN) 6 1 were frequently added to slurries in order to enhance passivation and to increase the metal removal rate during CMP.
Electrochemical tests and removal rate measurements.-The potentiostatic polarization tests were conducted in the conditions while the specimens were under CMP. The instruments employed were an EG&G model 362 electrochemical system coupled with a Yokogawa LR4110 recorder to monitor the potential and current during experiment. A saturated calomel electrode (SCE) was used as the reference electrode, and the carrier made of AISI 304 stainless steel served as the counter electrode. Electrochemical impedance spectroscopy (EIS) measurements were performed with a Gamry EIS 900 system. Impedance measurements were performed in the frequency range of 100 K to 0.01 Hz at controlled potentials. The amplitude of potential modulation was 10 mV.
The weight loss of the specimen after CMP was also measured. The removal rate (average value of more than two tests) of each specimen was then calculated.
Auger electron spectroscopy (AES)
-The chemical analysis of the passive film after CMP at various applied potentials for 30 min was performed by AES. A Fison Microlab 310D Auger electron spectroscope was used. Surface composition depth profile of each element analyzed was accomplished using Ar ion sputtering. The sputtering rate was determined to be 0.45 Å s Ϫ1 on Ta 2 O 5 .
Results
Electrochemical behavior and removal rate.-The effect of contact pressure on the potentiodynamic polarization curves of Al in 5 vol % phosphoric acid ϩ 0.5 M citric acid solution of pH 4 with 5 wt % Al 2 O 3 is depicted in Fig. 2 . Under a static and load free condition, as shown by curve A, the corrosion potential (E corr ) of Al in the testing slurry was Ϫ760 mV and a wide passive range with a passive current density less than 7 ϫ 10 Ϫ5 A/cm 2 was observed. At a platen rotating speed of 100 rpm, a significant change in the polarization curve occurred when contact pressure was applied. As can be seen from curve B in Fig. 2 , the corrosion potential decreased to Ϫ1120 mV while the passive current density increased to about 4.2 ϫ 10 Ϫ3 A/cm 2 (curve B) with a contact pressure of 3 psi. Although there was not significant change in the polarization curves as the contact pressure was increased to 5 or 9 psi, as compared with that of 3 psi, the corrosion potential was much lower and the passive current density was much higher than the respective values at the static and load free condition.
The total removal rates (R t ) of Al after CMP for 50 min at various contact pressures and applied potentials are shown in Fig. 3 . At open circuit potential (OCP), in the range of Ϫ1100 to Ϫ1150 mV, the removal rate increased from 240 Å/min at 3 psi to 580 Å/min at 9 psi. At a contact pressure of 3 psi, the removal rate increased slightly with increasing potential, from 208 to 320 Å/min in the potential range of Ϫ1750 to ϩ500 mV. A significant increase in the removal rate, however, was observed as the contact pressure increased from 3 to 9 psi at all applied potentials. Interestingly, it was found that the removal rate as a function of applied potential could be divided into three regions at contact pressures of 5 and 9 psi, as shown in Fig. 3 . Under cathodic polarization conditions, the removal rate of Al in phosphoric base slurry increased with decreasing potential (region I). On the other hand, the removal rate increased with increasing potential in the potential range above E corr (region II). The potential dependence of the removal rate was even more pronounced at a contact pressure of 9 psi. At much more anodic polarization condition, however, the removal rate almost reached a saturation level (region III). At a contact pressure of 9 psi and at potentials above Ϫ250 mV, the removal rates of Al in the testing slurry could be as high as 2030 Å/min, about one order of magnitude higher than that at a contact pressure of 3 psi at OCP.
During CMP, the currents under applied potential conditions were monitored. At a contact pressure of 5 psi, the variations of current density with time at different potentials are shown in Fig. 4 . As shown in this figure, the initial current density decreased as the applied potential decreased from ϩ500 to Ϫ1000 mV. The current density then dropped to a constant value at each applied potential. The plateau current densities observed in Fig. 4 were very close to those of the passive current densities shown in Fig. 2 , especially for the potentials in the range of Ϫ500 to ϩ500 mV.
By integrating the current density with time through the total period of testing, the charge from the whole specimen area at each contact pressure/applied potential condition could be calculated. Using the results shown in Fig. 4 , the total charges as functions of contact pressure and applied potential were demonstrated in Fig. 5 . The results show that the total charge, resulting from the electrochemical dissolution of Al in the testing slurry, increased as both the contact pressure and applied potential increased. Under cathodic polarization condition (below E corr ), metal dissolution was negligible and not included in reveal that the potential dependence of the total charge can be divided into two regions. At relatively low anodic polarization, the total charge increased with increasing potential. At rather high anodic polarization, the total charge reached a maximum value and became almost independent of the applied potential. The potential dependence of the total charge with applied potential was similar to that of the removal rate shown in Fig. 3 . Using Faraday's law, the removal rate of Al resulting from electrochemical dissolution or corrosion contribution (R c ) is also shown in Fig. 5 .
The effect of contact pressure on R t at constant applied potential is depicted in Fig. 6 . The results showed that the total metal removal rate increased with increasing contact pressure, indicating that the Preston relation 8 was obeyed. The highest dependence on contact pressure was found at ϩ500 mV. Figure 7 shows the ratio (in percentage) of corrosion contribution to the total removal rate at 5 and 9 psi contact pressures. Most of the data fell in the band as shown in this figure. A relatively high scattering of data, not shown in Fig. 7 , was found at a contact pressure of 3 psi. The results indicated that the contribution from corrosion to the total removal rate increased as the applied potential increased, particularly at contact pressures of 5 and 9 psi. At Ϫ1000 mV, only about 20% of the total removal rate was derived from electrochemical dissolution. At much high anodic potentials, the total removal rate resulting from corrosion could be as high as 70%. EIS measurements.-EIS measurements were conducted during CMP after the start-up of CMP for different time intervals. Figure 8a shows the Nyquist plots for Al in the testing slurry at Ϫ1000 mV after the start-up of CMP at 100 rpm and 5 psi for 10, 1800, and 3600 s. Two semicircular loops, indicating the presence of two time constants were found for each condition. The close similarity among these curves indicated that the surface property did not vary with time at Ϫ1000 mV. At ϩ500 mV, the Nyquist plots for Al after CMP for different times were shown in Fig. 8b . Two semicircles were still observed. But the semicircle of low frequency part enlarged as the time interval increased, indicating the time dependent electrochemical behavior of the surface. The increase in the impedance was believed due to the thickening of the passive film even during CMP.
The results shown in Fig. 8a and b reveal that the electrochemical reaction at the Al/slurry interface could be simulated by an equivalent circuit as depicted in Fig. 8c . The equivalent circuit consists of the elements corresponding to solution resistance R s , double-layer capacitance C dl , charge-transfer resistance R ct , film capacitance C f , and film resistance R f . The polarization resistance R p is the sum of R ct and R f . The simulated circuit fits the data points very well as shown in Fig. 8a and b . The equivalent circuit has also been applied to the Al and Al alloys/NH 4 Cl systems, [9] [10] [11] and Al/phosphoric acid base slurry system. 12 Based on the EIS data obtained, the values of the elements depicted in Fig. 8c are summarized in Tables I and II. AES analysis.-The concentration (in terms of Auger electron intensity) profiles along the thickness direction (estimated from the sputtering time) for Al, O, and P elements after CMP at various conditions were determined. Figure 9a shows the results for the specimen after polishing in deionized (DI) water with 5 wt % Al 2 O 3 for 30 min. The concentration profiles for the specimens polished in 5 vol % phosphoric acid ϩ 0.5 M citric acid with 5 wt % Al 2 O 3 slurry at Ϫ1000 and ϩ500 mV are shown in Fig. 9b and c, respectively. The enrichment of O near the specimen surface indicated that an oxide film was formed on the surface. The thickness (in terms of sputtering time) of the oxide film might be estimated from the concentration profile at the point where the intensity of Al was equal to that of O. Accordingly and as expected, the oxide film formed at ϩ500 mV was much thicker than that at low potentials. The results also showed that the passivation rate in DI water was quite low. The detection of P suggested that aluminum phosphate might exist on the surface, which has also been reported elsewhere. 13, 14 It was noted that phosphate was identified at Ϫ1000 mV but not at ϩ500 mV ( Fig. 9b and c) . At more negative potentials, the oxide film formed was thinner than that formed under high anodic polarization condition. As a result, the ratio of the amount of phosphate to the amount of oxide was higher as compared with that obtained at high anodic potentials. Therefore, P was only detected at Ϫ1000 mV rather than at ϩ500 mV.
Discussion
Based on the mechanism proposed by Kaufman et al., 1 CMP involves the repeated processes of passive film formation, removal and repassivation of passive film. According to this model, the removal rate depends on the formation and abrasion of the passive film. In other words, the presence of surface film is necessary and essential in the process of CMP. As can be seen in Fig. 2 , Al could be easily passivated in the phosphoric base slurry used in this investigation in static and load free condition. At a platen rotation speed of 100 rpm and at a different applied contact pressure, a shift of the corrosion potential toward the negative direction was found. This indicated that mechanical abrasion could assist in maintaining the specimen surface in fresh condition, which consequently caused the corrosion potential to move toward negative direction. It is known that Al could be easily repassivated with a high repassivation rate, [15] [16] [17] [18] [19] a passive film might be formed again at a very fast rate after the film was destroyed. The existence of a passive region under each rotating and abrasive condition as shown in Fig. 2 was attributed to the high repassivation rate of Al in the testing slurry. Under rotating and abrasive conditions, however, the passive film formed was subjected to a successive mechanical force induced either from the polishing pad or the flowing abrasive alumina particles. As a result, the repassivated film might not provide a complete coverage of the metal surface. Furthermore, under a chronic abrasive condition, the surface film formed might not be compacted and protective but rather porous in nature. Therefore, a high passive current density was observed as compared with that in a static and load free condition.
During CMP at 100 rpm and 5 psi contact pressure, the repassivation reaction continued as indicated by the drop of current density as shown in Fig. 4 . The fact that two semicircles present in the Nyquist plot determined during Al CMP in phosphoric acid base slurry also indicated the existence of a passive film on the specimen surface ( Fig. 8a and b) . These experimental results gave a clear indication that the repassivation rate of Al was certainly extremely rapid. The removal rate of metal in CMP might sometimes be described to follow the Preston equation, 8 namely
where R is the removal rate, K P is a constant, P is the pressure applied, and V is the relative velocity between the surface and the abrasive materials such as pad or solid particles. The experimental results shown in Fig. 6 revealed that the Preston relation was obeyed for Al in 5 vol % phosphoric acid ϩ 0.5 M citric acid of pH 4 with 5 wt % Al 2 O 3 abrasive particles. The slopes in Fig. 6 increased as the applied potential increased, indicating that K P was a function of applied potential.
Concerning that the removal rate was dependent on the amount of passive film removed as proposed by Kaufman et al., 1 a higher passive film formation rate would favor a higher metal removal rate. At high anodic polarization (i.e. ϩ500 mV), a much thicker of passive film on the Al surface would be formed per unit of time as compared with that at low potentials. Therefore, more amount of passive film could be removed at a high anodic polarization condition, which subsequently resulted in a higher total removal rate of Al as demonstrated in Fig. 6 . At low anodic potential or under cathodic polarization, mechanical abrasion of metal besides passive film would occur. A lower removal rate was thus observed.
The dissolution or oxidation of Al in aqueous environment would lead to oxide or hydroxide precipitation due to their low solubility of product. Therefore, the average dissolution rate might be considered as the passivation rate. At low anodic potential, the dissolution rate would be small on the film free surface. As the potential increased, the dissolution rate increased on the bare surface with most of the Al ϩ3 ion produced incorporated into the passive film with a small amount in ionic form dissolved in the electrolyte. But since the film could be destroyed under stress, the surface might be only partially passivated. These combined effects led to the increasing contribution of metal dissolution to the total removal rate as the potential was raised as depicted in Fig. 7 .
Since full passivation might not be accomplished at low anodic potential, metal in addition to passive film could be abraded away during CMP. The absence of a blanket passive film on metal surface has been reported by Stein et al., 7 Kneer et al., 5 and Tsai et al. 20 The experimental results obtained in this study were in agreement with those appearing in the literature, suggesting that the passive film abrasion proposed by Kaufman et al., 1 was not the sole fact determining the total removal rate. As the potential increased, the contribution of film to the total metal loss also became important due to the increase of passive film formed. Thus, the percentage of metal corrosion to the total metal removal rate increased with increasing potential as shown in Fig. 7 . At higher anodic potentials, perhaps the passive film formed was so thick that it could not be totally removed. Furthermore, at 100 rpm and at a contact pressure applied (3-9 psi), the passive film removal rate might reach a saturation level and almost equal the repassivation rate. Thus, the percentage of corrosion contribution to the total removal rate also reached a high constant value (approximately 70%). A synergistic effect between electrochemical and mechanical reactions always exists in wear corrosion or erosion corrosion processes. [21] [22] [23] [24] [25] This might also account for the high total removal rate observed at high anodic potential as revealed in Fig. 7 .
It was found that the potential dependence of the removal rate could be divided into three regions (Fig. 3) . Similar observations have been found in the wear corrosion of stainless steel in chloride solution 21 and in the erosion corrosion of Al in silica aqueous slurries. 22 It has been pointed out that the wear rate of stainless steel in chloride solution determined at cathodic potential was caused by mechanical action because the steel was cathodically protected. 21 The wear rate was independent of potential under cathodic polarization. In this investigation, however, the removal rate of Al increased as the cathodic polarization increased (more negative potential) with a contact pressure of 5 and 9 psi. The increased removal rate might be associated with the increasing tendency to H embrittlement resulting from H pick-up under cathodic polarization in acidic slurry. But since metal dissolution was negligible at cathodic potential, a low metal removal rate mainly caused by mechanical wear of metal was observed (region in Fig. 3) .
At low anodic polarization, the surface was partially passivated under rotating and abrasive condition as described above. Mechanical wear of both metal and oxide would occur. The metal dissolution also proceeded in the film free or film damaged area. Since the dissolution rate increased with increasing anodic polarization, the total metal removal rate increased as depicted as region II in Fig. 3 . In region III, a balance between passive film abrasion rate and the repassivation rate was achieved, hence, the total removal rate became independent of potential.
A schematic diagram illustrating the effect of potential on Al removal in CMP is given in Fig. 10 . In region I (at cathodic potentials), the amount of metal removed is dominated by mechanical wear. At low anodic potential region, metal removal caused by the abrasion of either metal or passive film on the partially passivated surface is responsible for metal removal. At high anodic potentials (region III), the repassivation rate is high enough and the passive film is rather thick. The total removal rate is determined by how fast the passive film is abraded away.
Conclusions
Potentiodynamic polarization results indicate that Al could be passivated in 5 vol % H 3 PO 4 ϩ 0.5 M citric acid ϩ 5 wt % Al 2 O 3 slurry. However, contact pressure in the range of 3 to 9 psi would cause a decrease of corrosion potential of about 360 mV and an increase of passive current density of about two order of magnitude for Al in the slurry under rotating condition. The removal rate of Al increased with increasing contact pressure and was a strong function of applied potential. Basically, a low removal rate was observed under cathodic polarization, which was dominated by mechanical wear of metal. At low anodic potentials, the removal rate increased with increasing potential. The contribution of film formation and abrasion to the total removal rate became increasingly important as the applied potential increased. At much higher anodic polarization, a balance between the repassivation rate and the film abrasion rate gave rise to a high removal rate which became independent of potential.
